Introduction
The gastrointestinal epithelium acts as a boundary between the body and the external environment. It is known that tight junctions (TJs) within this selective membrane barrier play an important role in limiting the permeation of luminal noxious molecules, such as pathogens, toxins, and antigens. Disruption of the intestinal TJ barrier impacts the mucosal immune system and induces inflammation, thereby contributing to the development of intestinal and systemic diseases (Suzuki, 2013) .
On the other hand, morbidity associated with inflammatory bowel disease (IBD) has been increasing recently in Japan (Kanai et al., 2014) . A lack of dietary fiber is suggested to be one of the reasons, in addition to the increased consumption of Western foods containing animal fat. It has been reported that patients with IBD, including ulcerative colitis and Crohn's disease, exhibit decreased expression of TJs in the large bowel (Das et al., 2012; Zeissig et al., 2013) . For example, lowered protein levels of ZO-1 and claudin-3 have been noted, leading to an increase in intestinal epithelium permeability. Meanwhile, because the gastrointestinal epithelium is continuously exposed to food components in the lumen, TJ regulation may be modified by these components (Azuma et al., 2013) . Therefore, in the present study, we investigated the effects of isomaltodextrin (IMD) as one such component on TJs.
IMD is a highly branched α-glucan with a molecular weight (MW) of 5000, which is produced from starch via the α-glucosyltransferase and α-amylase activities conferred by Paenibacillus alginolyticus. IMD is composed solely of glucose, including α-1,6-, α-1,4-, and α-1,3-glucosidic linkages (Tsusaki et al., 2009) . IMD contains more than 80% dietary fiber and is watersoluble, thus it functions as a soluble dietary fiber. Nishimura et al. reported that the cecal contents of rats fed a diet containing 3.3 _ 16.7% IMD exhibited a significant increase in bifidobacteria and a significant decrease in the Firmicutes/Bacteroidetes (F/B) ratio compared with the untreated group, indicating that IMD reached the large bowel and had a prebiotic effect (Nishimura et al., 2016) . Moreover, 6 h after oral administration of IMD, we found that 14% of IMD remained in the cecum (unpublished data).
Generally, it has been reported that indigestible carbohydrates, including oligosaccharides (Suzuki et al., 2004) and dietary fiber (Mineo et al., 2001) , open TJs and increase permeability.
Therefore, our knowledge would be advanced if we can demonstrate the ameliorative effects of IMD on inflammatory colitis via the maintenance of TJ integrity to better regulate permeability.
In this study, our main objectives were to first examine the direct effect of IMD on TJPs in Caco-2 cells and next assess whether IMD preloading results in the inhibition of DSS-induced colitis. The goal of this research was to determine if IMD, a new dietary fiber, has potential as a prophylactic material for colitis. Caco-2 cells grown on the membrane filters, treated with or without 4% IMD during 6 h, were fixed and permeabilized in 1% paraformaldehyde and 0.1% Triton-X-100 in PBS. (Reeves et al., 1993 ) ad libitum at the same time;
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water or a 2% IMD solution was available ad libitum for another 2 wk. After 2 wk, the Water/DSS group received a 2.5% DSS solution (mean MW range 36,000 _ 50,000) (MP Biomedicals, CA) and the IMD/DSS group received a mixture of 2.5% DSS and 2% IMD. The control group was fed the AIN-93G diet and water until the experiment ended ( Figure 1 ). After determining the disease activity index (DAI) scores for signs of disease, body weight, and the amounts of food and water consumed daily, the mice were euthanized and samples were collected following the administration of DSS for 6 d. Under pentobarbital anesthesia (Somnopentyl; Kyoritus Seiyaku, Tokyo, Japan) at the time of euthanization, whole blood samples were extracted from the caudal vena cava and the colon was removed from nonfasted mice. After measuring the length of the colon and rapidly cleaning the lumen with PBS, the lower 7 _ 8 mm of the distal colon was immediately frozen using dry-ice ethanol for western blot analysis. The remaining distal, middle, and proximal colon were fixed using a neutral buffered formalin solution.
Signs of colitis
We determined the levels of DSS-induced colitis using the DAI in accordance with the procedures described by Murthy (Murthy et al., 1993) . We modified Murthy's score slightly as we only determined gross bleeding without using a hemoccult fecal occult kit. The scoring system is shown in Table 1 .
Briefly, the scoring system included the examination of stool consistency, rectal bleeding, and weight loss.
Colon histopathology score Formalin-fixed colons were washed with water, dehydrated using alcohol, cleared, and embedded in paraffin in the usual manner. Subsequently, 4-μm thin sections were stained with hematoxylin and eosin (H&E).
Pathology scores for DSS-induced colitis were determined in accordance with the procedures outlined by Fitzpatrick (Fitzpatrick et al., 2006) . Assessments made in this study were performed after modifying the evaluation criteria from the extent of inflammation to erosion (Table 2) . The immunostaining was evaluated in a blinded manner.
Immunostaining for tight junctions of the colon
Pathology experts observed the colon samples using an optical microscope, and scored the expression intensities using a range from 0 to 3+.
Western blotting for the distal colon
The lumens of the excised mouse colons were cleaned with PBS and an approximately 30-mg tissue sample was cut, weighed, and rapidly frozen in dry ice-ethanol. Subsequently, lysis buffer (Azuma et al., 2013) was added to the frozen tissues (1 mL/30 mg tissue), which were minced with scissors, disrupted using a Polytron-type homogenizer, heated at 95℃ for 5 min, and centrifuged at 13,000 rpm and 4℃
for 10 min. Finally, the supernatant was collected and the protein concentration was measured using the bicinchoninic acid assay (BCA) method (Pierce Biotechnology, Inc., IL, USA). The tissue extracts were combined with 0.5 times the amount of Laemmli Day -14, the mice were divided into three groups matched with body weight. After 14days preloading of water or 2%IMD solution, mice were administered 1) 2.5%DSS (water/DSS group, n=12), 2) 2%IMD + 2.5%DSS (IMD/DSS group, n=11) and 3) water alone (Normal group, n=6). Autopsy, histopathological, and Western blotting analysis were performed 6 d after DSS intake. A. IMD significantly increased TER compared with untreated control at 6 h incubation period. Values are expressed as means ± SD, n=6 per group. Significant differences versus control were **p < 0.01. B. The cell monolayers were incubated without or with 1%, 2%, and 4% IMD. Lucifer yellow (LY) transport was assessed as the movement into basolateral chamber during 6 h period. LY permeability was significantly lowered by 2% and 4% IMD. Values are expressed as means ± SD, n=6 per group. Significant differences versus control were *p < 0.05 and, **p < 0.01. C. Untreated Caco-2 cells were immunostained by claudin-3 antibody. Bar=20 μm. D. 4% IMD-treated Caco-2 cells were slightly increased claudin-3 ptotein expression compared with untreated. Bar=20 μm. E. Untreated Caco-2 cells were immunostained by ZO-1 antibody. Bar=20 μm. F. 4% IMD-treated Caco-2 cells were strongly increased ZO-1 ptotein expression compared with untreated. Bar=20 μm.
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and strengthening TJ integrity.
Effects of IMD on DSS-induced colitis in mice
DAI score, colon length There were no differences between the IMD/DSS and Water/DSS groups in terms of body weight and the amounts of food and water consumed during the experiments (data not shown). From 4-6 d after DSS intake, the IMD/DSS group showed significantly lower DAI and diarrhea scores, which is an evaluation method described by Murthy et al. (Figure 3 A-B ).
In the less severe diarrhea model, there was no difference between these two groups in terms of bloody stools and body weight scores (data not shown). While colon length in the Water/DSS group was significantly shorter compared to the Normal group, the IMD/DSS group exhibited a significantly longer colon length than the Water/ To evaluate the expression results in a more quantitative manner, the scored expression intensities at the colonic sites were examined. The expression score for claudin-3 in the IMD/DSS group was significantly higher in the middle and distal colon ( Table   3 ). The expression of ZO-1 in the IMD/DSS group was significantly greater in the middle colon and slightly higher (but not significantly) in the distal colon (Table 4) .
Western blot analysis of the distal colon To confirm the The DAI scores and Diarrheas scores were 0 in the Normal group during experimental period. Significant differences between Water/DSS versus IMD/DSS groups were *p < 0.05 and, **p < 0.01. Histologic scores were graded from 0 to 3 or 4 using Fitzpatrick's formula and were based on the extent of inflammation, erosion, crypt damage, and the percentage occupied by a lesions. (C) Histologic scores for erosion, crypt damage and inflammation. IMD significantly suppressed crypt damage and inflammation score compared with Water/DSS. Values represent the means ± SEM in the Water/DSS group (n=12), IMD/DSS group (n=11) and the Normal group (n=6). In the Normal group, total histologic scores, area specific scores and erosion scores, crypt damage scores and inflammation scores were 0. Between Water/DSS versus IMD/DSS groups were **p < 0.01(A and C) and *p < 0.05(B and C).
immunostaining results, we performed a western blot study. The results of the western blot for the distal colon showed significantly higher protein expression, including ZO-1 and claudin-3, in the IMD/DSS group compared with the Water/DSS group ( Figure 9 A-C).
Discussion
In this study, we first demonstrated, using in vitro culture of Caco-2 cells, that IMD treatment potentiated TJ integrity in a dosedependent manner, which was verified by higher levels of TER, reduced permeability of LY, and enhanced expression of TJPs.
Disruption of the intestinal barrier has been identified as one of the most critical events for developing IBD. It is known that excessive interactions between the host and bacteria are induced in the initial stage of IBD (Tlaskaloá-Hogenová et al., 2011) and inadequate functioning of the intestinal barrier generally causes inflammation (Suzuki, 2013) . Therefore, we reasoned that the in vitro effects of IMD on TJ integrity might also be valid under in vivo conditions.
As a next step, we examined the in vivo effects of IMD using a mouse model of DSS-induced colitis.
Since a severe DSS-induced colitis model was not suitable for examination of TJP expression, due to disintegration of the intestinal epithelium, we employed a less severe diarrhea model by reducing the amount of DSS to 2.5%. We found that IMD treatment protected against the decrease in TJP expression caused by DSS intake and also ameliorated clinical and histopathologic signs related to colitis. To rule out the possibility that IMD absorbed DSS in a mixture form and then reduced DSS's effect, we examined the possible molecular association between IMD and DSS using an HPLC equipped gel filtration column. Because the peak pattern of the DSS molecule showed no difference even in the presence of IMD, we concluded that the observed effects of IMD are not due to the absorbed effects of DSS by IMD (data not shown).
Each group of mice consumed similar amounts of water during the experiment, and it was assumed that there was no difference in the intake of DSS among all of the treated mice (data not shown).
Furthermore, IMD intake resulted in mitigation of shortened colon length, which is considered to be an indicator of the severity of DSS-induced inflammation and dysfunction (Melgar et al., 2005) .
Immunohistological examination of claudin-3 and ZO-1 proteins revealed that their expression in the mucosal epithelium was maintained from the lamina propria to the crypt in the IMD/DSS group. On the other hand, in the Water/DSS group, a marked decrease in expression was observed due to the DSS treatment.
Western blotting experiments confirmed the higher protein levels of claudin-3 and ZO-1 in the IMD/DSS group than in the Water/ DSS group, confirming the immunostaining results. Together, these results support our hypothesis that IMD could strengthen TJ integrity and reduce DSS-induced colitis.
It was reported that a decrease in ZO-1 expression to 1/3 of the normal expression in mice was detected 3 d after the start of DSS intake, which is earlier than 7 d, or the time when the DSS-induced tissue scores were significantly increased (Politz et al., 2007) . In other words, following DSS intake, the reduction of TJs precedes the increase in permeability, penetration of external substances, and intestinal epithelial inflammation. Thus, the change in TJs appears to be a key mechanism by which DSS induces the development of colitis.
Recently, a number of studies reported that enhanced expression of TJs inhibited DSS-induced colitis. It was reported that oral administration of Lactobacillus casei in DSS-induced colitis mice prevented the loss of ZO-1 expression and reduced intestinal hyperpermeability (Zakostelska et al., 2011) . As a result, treatment improved intestinal barrier function, protected against the invasion of intestinal bacteria, and suppressed the excessive interaction from the immune systems.
It was demonstrated that germ-free (GF) mice, compared with specific pathogen-free (SPF) mice, exhibited a lower expression of TJs in the colonic epithelium (claudin-7, occludin, and TPJ-1) and displayed nearly no intestinal indole. When colitis was induced by DSS in GF mice with a lower expression of TJs, all SPF mice survived on day 7 after initiating DSS administration while most GF mice died. Feeding a capsule containing indole to GF mice for 2 wk resulted in significantly increased colonic expression of occludin and claudin-7 and decreased DSS-induced mortality from 90% to 15% in GF mice, indicating that TJ preservation reduces DSS-induced colitis (Shimada et al., 2013) . Furthermore, it was described that DSS-induced colitis significantly inhibited the decreased expression of occludin and claudin-3 in the proximal and distal colon. However, DSS-induced diarrhea was significantly suppressed when TJs were preserved via the oral administration of 50 mg/kg somatostatin for 3 d after 8 d of DSS administration (Li et al., 2014) . Table 3 . Immunohistochemical detection of claudin-3 expression in the colon of DSS-colitis mice cytokines, such as IL-6 and IL-17A. As a result, the DSS-induced colitis was mitigated (Azuma et al., 2013) .
These studies all supported the notion that substances which strengthen TJs, including probiotics, indoles, somatostatins, and polyphenols, have the ability to suppress the signs of DSS-induced colitis, inhibit colon length shortening, and suppress inflammation, and are in good agreement with our observations described in this paper.
In an in vitro study, Suzuki et al. reported that the addition of 100 mM/L of nondigestible saccharides (NDSs), including difructose anhydride (DFA) III, DFA IV, fructo oligosaccharide (FOS), and raffinose to Caco-2 cells and incubation at 37℃ for 3 h significantly and dose-dependently reduced the TER of Caco-2 cells, increased LY permeability, and increased calcium absorption (Suzuki et al., 2004) . In addition, Mineo et al. reported that polydextrose at concentrations ranging from 0.1 to 100 mM/L increased calcium absorption from the small bowel and colonic mucosa in rats, as assessed via the Ussing chamber technique (Mineo et al., 2001) . In short, these NDSs increased transportation between cells rather than opening TJs. However, IMD differs from (Iwaya et al., 2012) .
It was reported that IMD (average DP=30) was fermented in the rat large intestine and also significantly increased cecal n-butyric acid concentrations (Nishimura et al., 2016) . These results suggested that the effect of IMD on DSS-induced colitis is mediated not only by strengthening TJ integrity, but also by the fermentation, as in the case of S-IMO. These two mechanisms, the direct effect on TJ integrity and indirect effects of changing microbiota composition, could explain the anti-inflammatory effects on DSS-induced colitis. However, the definite mechanisms are unknown and require further research.
In conclusion, IMD directly strengthened TJ integrity and reduced permeability in Caco-2 cells. Furthermore, preloading mice with IMD strengthened the colonic TJs and reduced the signs of DSS-induced colitis. This could assist in better regulating colonic permeability so that bacteria and external antigen exposure is kept to a minimum and excessive inflammatory immunoreactions are suppressed. It is anticipated that further study of these effects may eventually show that the consumption of IMD in the daily diet of humans could help maintain TJs in the large intestine. Table 4 . Immunohistochemical detection of ZO-1 expression in the colon of DSS-colitis mice Fig. 9 . Western blotting analysis of the tight junction proteins. (A) Both claudin-3 and ZO-1 proteins extracted from the colonic tissue were detected by Western blotting using specific antibodies. Anti-ß-actin antibody was used as a loading control.
Intensities of both claudin-3 and ZO-1 of the Water/DSS group were remarkably decreased, but those of the IMD/DSS group were maintained at the same levels as those of the Normal group.
(B) Quantitative analysis of claudin-3 protein expression. Intensity of the claudin-3 expression was measured with a densitometer normalized by the intensity of the ß-actin bands. Values represent the means ± SEM in the Water/DSS group (n=10), IMD/DSS group (n=11) and the Normal group (n=6). Whereas claudin-3 expression of the Water/DSS group decreased to some extent (p=0.10) compared with the Normal group, the IMD/DSS group maintained its expression at the same level as the Normal group.
(C) Quantitative analysis of ZO-1 protein expression. The intensity of ZO-1 expression was measured as (B).
Values represent the means ± SEM in the Water/DSS group (n=10), IMD/DSS group (n=11) and the Normal group (n=6). Whereas ZO-1 expression of the Water/DSS group were decreased significantly compared with the Normal group, the IMD/DSS group maintained its expression at the same levels as the Normal group.
